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(57) ABSTRACT

An ultrasonic actuator (3) includes an actuator body (4) per-
forming a plurality of vibrations including a bending vibra-
tion, and a driver element (5) which 1s attached to a long side
surface (4056) of the actuator body (4), and outputs a driving
force by making an orbit motion in response to the vibrations
of the actuator body (4). The driver element (3) 1s provided
with an attachment surface (351), and 1s attached to the long
side surface (405) with the attachment surface (51) in surface
contact with the long side surface (406). A width of the
attachment surface (51) 1n the longitudinal direction of the
long side surface (400) 1s smaller than a maximum width of

the driver element (5) 1n the longitudinal direction of the long
side surface (405).

10 Claims, 6 Drawing Sheets




U.S. Patent Mar. 23, 2010 Sheet 1 of 6 US 7,683,523 B2




U.S. Patent Mar. 23, 2010 Sheet 2 of 6 US 7,683,523 B2

FIG.2 ,

2
N:

S V)51~ )52 )
% 62

7
L \

d

77

a

NN

AN
40d '\- /’Q 40e
NN AN NN NN SN AN NN ;
/\ 40c 61a 72 g1 40
3
FIG.3 0

o1



U.S. Patent Mar. 23, 2010 Sheet 3 of 6 US 7,683,523 B2

FIG.4
’zi 40(4)
<> i |
FIG.D




U.S. Patent Mar. 23, 2010 Sheet 4 of 6 US 7,683,523 B2

40(4)

FIG. 6



U.S. Patent Mar. 23, 2010 Sheet 5 of 6 US 7,683,523 B2

FIG.7
5 R
5 7S o
X 10
FIG.8

BENDING DISPLACEMENT
RATE OF CHANGE IN BENDING DISPLACEMENT -------

I— f-"‘ H\\ |—
& N z &
= ) \\ =
LL ’ \ O LL]
O / \ -,
< / - <<
] / \ 0 <
\
% 0 ’ - : 5 5
hudid / \ Py
o J', \\ O
Z ) \ ==
: L \| &8
L ’_.--"' \E\ . -
m ____-* ~ - m

0 01 02 03 04 05 06 07 08 09 1
RELATIVE POSITION



U.S. Patent Mar. 23, 2010 Sheet 6 of 6 US 7,683,523 B2

201
FI1G.9 2/

203

\/
242b ’...j.

71 JEE 242d 671
TR o RN

242¢c 242a
240a 6 240b

6?2 /2 62
62a ﬁ
6la 61  \g
FIG.10
205
X
251




US 7,683,523 B2

1
ULTRASONIC ACTUATOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation of PCT International
Patent Application No. PCT/JP2008/000598, filed on Mar.

14, 2008, which claims priority of Japanese Patent Applica-
tion No. 2007-066587, filed on Mar. 15, 2007, the entire
contents of which are expressly incorporated by reference
herein.

TECHNICAL FIELD

The present invention relates to an ultrasonic actuator
including an actuator body performing a plurality of vibra-
tions including a bending vibration.

BACKGROUND

Conventionally, an ultrasonic actuator disclosed 1n Patent
Document 1 has been known as an ultrasonic actuator includ-
ing an actuator body performing a plurality of vibrations
including a bending vibration.

The ultrasonic actuator of Patent Literature 1 includes an
actuator body constituted of a piezoelectric element, and a
driver element attached to the actuator body.

The actuator body 1s constituted of a flat plate-shaped
piezoelectric element having a longitudinal direction. In the
actuator body, a longitudinal vibration (1.e., a so-called
expansion/contraction vibration) in the longitudinal direction
of the piezoelectric element and a bending vibration in a
lateral direction of the piezoelectric element are induced har-
monically by respectively applying AC voltages having dii-
terent phases to two electrode pairs, each of which includes
diagonally aligned two electrodes. As a result, the driver
clement makes an orbit motion, more specifically, an ellipti-
cal motion, 1n a plane including the longitudinal direction and
the lateral direction of the piezoelectric element.

The driver element 1s substantially in the shape of a hemi-
sphere. Two driver elements are arranged on a long side
surface of the actuator body. The long side surface 1s a surface
which 1s normal to a vibration direction of the bending vibra-
tion of the actuator body, and i1s bent and deformed in
response to the bending vibration of the actuator body. The
two driver elements are arranged at positions on the long side
surface corresponding to antinodes of the bending vibration
where bending displacement 1s the maximum.

In the ultrasonic actuator thus configured, the driver ele-
ments are arranged 1n contact with the drive target. When the
ultrasonic actuator 1s driven 1n this state, a driving force of the
actuator body 1s transmitted to the drive target through the
driver elements making the orbit motion as described above,
and therefore the drive target i1s driven. At this time, the
actuator body 1s biased toward the drive target, and 1s config-
ured so that a friction force between the driver elements and
the drive target 1s increased to efliciently transmit the driving,
force of the actuator body.

Patent Document 1: Published Japanese Patent Application
No. 2004-304963

SUMMARY

However, similar to the ultrasonic actuator of Patent Docu-
ment 1, in the structure in which the driver elements are
arranged on the side surface normal to the vibration direction
of the bending vibration of the actuator body, 1.e., the surface
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to be bent and deformed, the bending and deformation of the
side surface 1s atfected by the driver elements more signifi-
cantly as a contact area between the driver elements and the
side surface becomes greater.

On the other hand, as the contact area between the driver
elements and the side surface becomes smaller, the attach-
ment of the driver element to the side surface becomes less
firm. As described above, 1n the structure 1n which the driving
force of the actuator body 1s transmitted to the drive target by
the friction force between the driver elements and the drive
target, firm attachment 1s required between the driver ele-
ments and the actuator body.

An object of the present invention 1s to simultaneously
allow both suppressing the disturbance of the vibrations of the
actuator body by the driver elements, and firmly attaching the
driver elements to the actuator body.

To achieve the object, an ultrasonic actuator includes: an
actuator body having a piezoelectric element and performing
a bending vibration and a longitudinal vibration; and a driver
clement which 1s attached to a side surface of the actuator
body normal to a vibration direction of the bending vibration,
and outputs a driving force by making an orbit motion 1n a
plane including the vibration direction of the bending vibra-
tion and a vibration direction of the longitudinal vibration in
response to the vibrations of the actuator body, wherein the
driver element 1s provided with an attachment surface, and 1s
attached to the side surface with the attachment surface 1n
surface contact with the side surface, and a width of the
attachment surface in the vibration direction of the longitu-
dinal vibration 1s smaller than a maximum width of the driver
clement 1n the vibration direction of the longitudinal vibra-
tion.

The width of the attachment surface 1n the vibration direc-
tion of the longitudinal vibration i1s smaller than the maxi-
mum width of the driver element 1n the vibration direction of
the longitudinal vibration so as to reduce a contact area
between the driver element and the actuator body. As a result,
the disturbance of the vibrations of the actuator body by the
driver element can be suppressed. Further, since the driver
clement and the actuator body are brought into surface con-
tact, not into point contact or line contact, to keep a suificient
contact area, firm attachment of the driver element can be
achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an exploded perspective view illustrating the

structure of an ultrasonic actuator according to Embodiment
1.

FIG. 2 1s a sectional view 1llustrating the structure of the
ultrasonic actuator.

FIG. 3 1s a perspective view of a driver element.

FIG. 4 1s a conceptual diagram illustrating displacement
made by a first mode of longitudinal vibration of a piezoelec-
tric element.

FIG. 5 1s a conceptual diagram illustrating displacement
made by a second mode of bending vibration of the piezo-
clectric element.

FIG. 6 1s a conceptual diagram illustrating the operation of
the piezoelectric element.

FIG. 7 1s a sectional view 1illustrating the dimensions of the
driver element and a disc body.

FIG. 8 1s a graph 1llustrating displacement made by the
bending vibration and the rate of change in displacement.

FIG. 9 1s an exploded perspective view illustrating the

structure of an ultrasonic actuator according to Embodiment
2.

FIG. 10 1s a perspective view of a driver element.
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EXPLANATION OF REF

L]

RENCE NUMERALS

¢ Point ot contact
n Normal
X Rotation axis

2 Disc body (drive target)
4, 204 Actuator body

40, 240a, 2405 Piezoelectric element
406, 242b Long side surface (side surface normal to vibration
direction of bending vibration)

5, 205 Driver element
51, 251 Attachment surtface

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Hereinaliter, embodiments of the present invention will be
described 1n detail with reference to the accompanying draw-
ngs.

Embodiment 1

A drive unit 1 according to Embodiment 1 of the present
invention includes, as shown 1n FIGS. 1 and 2, a disc body 2,
an ultrasonic actuator 3 for driving the disc body 2, and a
control unit (not shown) for performing drive control to the
ultrasonic actuator 3.

The disc body 2 1s a disc having a rotation axis X as a center
and made of alumina or other material. The disc body 2 1s
arranged rotatably around the rotation axis X. The disc body
2 constitutes a drive target.

The ultrasonic actuator 3 includes an actuator body 4 for
generating a vibration, driver elements 5 for transmitting a
driving force of the actuator body 4 to the disc body 2, a case
6 containing the actuator body 4, support rubbers 71 placed
between the actuator body 4 and the case 6 to elastically
support the actuator body 4, and a bias rubber 72 for biasing
the actuator body 4 to the disc body 2.

The actuator body 4 includes a piezoelectric element 40
and power supply electrodes 41a to 414 formed on the piezo-
clectric element 40.

The piezoelectric element 40 1s made of a piezoelectric
material such as lead zirconate titanate or quartz, and shaped
into a tlat plate which 1s rectangular when viewed in plan.
More specifically, the piezoelectric element 40 includes a pair
of substantially rectangular principal surfaces 40a opposing
to each other (only one of them 1s shown 1n FIG. 1), a pair of
long side surfaces 405 and 40¢ which are orthogonal to the
principle surfaces 40q, extend 1n a longitudinal direction of
the principle surfaces 40a, and oppose to each other, and a
pair of short side surfaces 404 and 40e which are orthogonal
to both of the principle surfaces 40a and the long side surfaces
4056 and 40c, extend 1n a lateral direction of the principle
surtaces 40a, and oppose to each other.

On the principle surface 40a of the piezoelectric element
40, four power supply electrodes 41a to 41d are formed. More
specifically, suppose that the principle surface 40a 1s divided
in four quadrants, 1.e., two areas 1n the longitudinal direction
and two areas 1n the lateral direction, the power supply elec-
trodes 41a to 414 are formed on the four quadrants, respec-
tively. Among the power supply electrodes 41a to 41d, two
diagonally aligned power supply electrodes, 1.e., the power
supply electrodes 41a and 41d, are electrically connected
through a wire 9q, and the power supply electrodes 415 and
41c are electrically connected through a wire 95. Wires 9c and
94 are connected to the power supply electrodes 41¢ and 414,
respectively, and the wires 9¢ and 94 are guided to the outside
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4

from through holes (not shown) provided in the case 6. That
1s, power can be supplied to the power supply electrodes 415
and 41c¢ through the wire 9¢, and to the power supply elec-
trodes 41a and 41d through the wire 94.

On the other principle surface of the piezoelectric element
40, a ground electrode (not shown) 1s formed substantially on
the whole surface. A wire 9¢ 1s connected to the ground
clectrode. The wire 9¢ 1s also guided to the outside from a
through hole (not shown) provided in the case 6.

The wires 9a to 9e are electrically connected to the corre-
sponding electrodes by solders. The solders are positioned
near the nodes of a first mode of a longitudinal vibration and
a second mode of a bending vibration of the piezoelectric
clement 40 to be described later. That 1s, by connecting the
wires 9a and 9e near the nodes of the vibrations of the piezo-
clectric element 40 by the solders, the disturbance of the
vibrations of the piezoelectric element 40 by the solders can
be suppressed as much as possible.

On the long side surface 4056 of the piezoelectric element
40, the driver elements 3 are arranged to be spaced from each
other 1n the longitudinal direction of the long side surface 405
(a direction corresponding to a vibration direction of the
longitudinal vibration to be described later). The driver ele-
ments 3 are provided on parts of the long side surface 4056
located at a distance of about 30% of the full length of the long
side surface 4056 inwardly from both edges thereof in the
longitudinal direction, and on a center part of the long side
surface 405 1n the lateral direction (a thickness direction of
the piezoelectric element 40). Each of the locations of the
driver elements 35 corresponds to an antinode of a second
mode of a bending vibration to be described later, where the
bending vibration 1s the maximum. With the driver elements
5 arranged at these locations, the bending vibration of the
piezoelectric element 40 can be utilized more effectively. The
driver elements 5 can be arranged on other parts of the piezo-
clectric element than the nodes of the second mode of the
bending vibration, 1.¢., non-node parts. As the non-node parts
make displacement 1n response to the bending vibration, the
bending vibration of the piezoelectric element 40 can be
utilized.

Each of the driver elements 5 1s basically 1n the shape of a
sphere which 1s partially truncated to form a flat section, as
shown 1n FIG. 3. The section constitutes a round attachment
surface 51. Each of the driver elements 5 1s adhered to the long
side surface 406 of the piezoelectric element 40 through the
attachment surface 51 using an adhesive 52. The driver ele-
ments S may be made of zirconia, alumina, silicon nitride,
silicon carbide, tungsten carbide, or other material.

The adhesive 52 1s preferably softer than the maternal ofthe
piezoelectric element 40 and the material of the driver ele-
ments 5. More specifically, the adhesive may be a synthetic
resin, especially an epoxy resin or a silicone resin. With use of
these materials, the driver elements 5 and the piezoelectric
clement 40 can be fixed to each other without affecting the
bending vibration of the piezoelectric element 40 as much as
possible.

The case 6 1s formed of resin, and 1s substantially U-shaped
when viewed from the front so as to cover the other long side
surtace 40¢ and the short side surfaces 404 and 40e of the
piezoelectric element 40. The case 6 includes a long side wall
portion 61 which 1s substantially rectangular and parallel to
the long side surface 40c¢ of the piezoelectric element 40, and
short side wall portions 62 provided at short sides of the long
side wall portion 61 at the longitudinal ends thereot, respec-
tively. A recess 61a 1n which a bias rubber 72 to be described
later will be arranged 1s formed 1n the longitudinal and lateral
center ol an 1nner surface of the long side wall portion 61.
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Further, a recess 62a i which a support rubber 71 to be
described later will be arranged 1s formed 1n the longitudinal
and lateral center of an inner surface of each of the short side
wall portions 62.

The actuator body 4 1s placed 1n the case 6 thus configured.
The actuator body 4 1s placed 1n the case 6 so that the other
long side surface 40c¢ of the piezoelectric element 40 opposes
to the long side wall portion 61. In this state, the driver
clements 3 protrude from the case 6.

The support rubbers 71 are provided between the short side
surtfaces 40d and 40e of the piezoelectric element 40 and the
short side wall portions 62 of the case 6, respectively. Each of
the support rubbers 71 1s fitted 1n the recess 62a in the short
side wall portion 62 and 1s 1n contact with the short side
surface 40d (40¢) of the piezoelectric element 40. The short
side surfaces 404 and 40e of the piezoelectric element 40
correspond to nodes of the longitudinal vibration to be
described later. However, since the support rubbers 71 are
clastic bodies, they can support the piezoelectric element 40
without atlecting the longitudinal vibration of the piezoelec-
tric element 40.

A bias rubber 72 1s placed between the other long side
surface 40c and the long side wall portion 61 of the case 6. The
bias rubber 72 1s fitted in the recess 61a 1n the long side wall
portion 61 and 1s 1n contact with the long side surface 40c¢ of
the piezoelectric element 40.

The support rubbers 71 and the bias rubber 72 are made of
s1licone rubber or other material.

In the ultrasonic actuator 3 this configured, the wires 9¢, 94
and 9¢ are connected to the control unit. With the wire 9e
connected to the electrical ground, an AC voltage of a prede-
termined frequency is applied to the wire 9¢, and an AC
voltage having a phase shifted from the AC voltage applied to
the wire 9 by 90° 1s applied to the wire 94d. As a result, AC
voltages shifted from each other by 90° are applied to a pair of
diagonally aligned power supply electrodes 41a and 414 and
another pair of diagonally aligned power supply electrodes
415 and 41¢ on the principle surface 40a of the piezoelectric
clement 40, respectively. This induces the piezoelectric ele-
ment 40 to generate the first mode of longitudinal vibration
(so-called expansion/contraction vibration) shown in FIG. 4
and the second mode of bending vibration shown in FIG. 5.
That 1s, the piezoelectric element 40 performs the longitudi-
nal vibration in the longitudinal direction of the long side
surface 406 and the bending vibration in the normal direction
of the long side surface 4054.

Respective resonance frequencies of longitudinal vibration
and bending vibration are determined by a material, a shape
and the like of the piezoelectric element 40. Furthermore, the
resonance Irequencies both are influenced by force support-
ing the piezoelectric element 40 and a position where the
piezoelectric element 40 1s supported. Taking this into con-
sideration, the resonance {requencies are substantially
matched to each other. AC voltages having a frequency
around the resonance frequencies and phases shifted by 90°
from each other are applied to the wires 9¢ and 9d, respec-
tively. Thus, the first mode of longitudinal vibration and the
second mode of bending vibration are harmonically induced
in the piezoelectric element 40, so that the piezoelectric ele-
ment 40 changes 1tself into shapes shown 1n FIGS. 6(a), 6(b),
6(c) and 6(d) 1n this order.

As a result, each of the driver elements 5 provided on the
piezoelectric element 40 makes an orbit motion, more spe-
cifically, a substantially elliptical motion, 1n a plane parallel to
a principal surface 40q of the piezoelectric element 40 (1.¢., a
plane parallel to the page surface of FIG. 6), 1., 1n a plane
including the longitudinal direction (a vibration direction of
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the longitudinal vibration) and the normal direction (a vibra-
tion direction of the bending vibration) of the long side sur-
face 405 of the piezoelectric element 40.

The ultrasonic actuator 3 thus configured 1s arranged such
that the driver elements 5 are 1n contact with a circumiferential
surface of the disc body 2. That 1s, the ultrasonic actuator 3 1s
arranged so that the plane including the longitudinal and
normal directions of the long side surface 405 of the piezo-
clectric element 40, 1.e., the plane including the vibration
directions of the longitudinal and bending vibrations, is
orthogonal to the rotation axis X of the disc body 2. In this
state, sections of the disc body 2 and the driver elements 5
which are orthogonal to the rotation axis X of the disc body 2,
1.€., sections parallel to the plane including the longitudinal
direction of the long side surface 406 of the piezoelectric
clement 40 (the vibration direction of the longitudinal vibra-
tion) and the vibration direction of the bending vibration, are
substantially round (in a strict sense, the section of each of the
driver elements 5 1s almost round-shaped with a certain cir-
cular segment part cut oif).

In this structure, the ultrasonic actuator 3 1s 1n such a state
that the bias rubber 72 1s compressed and deformed to bias the
driver elements 5 to the disc body 2 by the elastic force of the
bias rubber 72. That 1s, the driver elements 5 are biased to the

disc body 2 even when the ultrasonic actuator 3 1s not driven.
Since the bias rubber 72 1s arranged on a perpendicular bisec-
tor of a line segment connecting the centers of the driver
elements 5, and the driver elements 5 are biased 1n the direc-
tion of the perpendicular bisector by the bias rubber 72, the
two driver elements 3 are biased to the disc body 2 with
substantially the same biasing forces. Thus, the disc body 2
can be driven by the two driver elements 3 1n good balance
with stability.

In this state, as described above, the wire 9¢ 1s connected to
the electrical ground, an AC voltage at a predetermined ire-
quency 1s applied to the wire 94, and an AC voltage having a
phase shifted from the AC voltage applied to the wire 94 by
90° C. 1s applied to the wire 9e. As a result, the ultrasonic
actuator 3 induces the piezoelectric element 40 to generate a
composite vibration ol the longitudinal vibration and the
bending vibration, so that the driver elements 5 make a sub-
stantially elliptical motion 1n a plane parallel to the principle
surface 40a of the piezoelectric element 40. In this way, the
driver elements 5 periodically repeat contacting to and
detaching from the disc body 2, so that the disc body 2 1s
rotated about the rotation axis X by friction force. That 1s, the
ultrasonic actuator 3 applies a driving force to the disc body 2
in the circumierential direction thereof. The two driver ele-
ments 5 make the substantially elliptical motion with their
phases shifted by 180° from each other as shown in FIG. 6.
Theretfore, the driver elements 5 alternately drive the disc
body 2.

For the purpose of improving firm attachment to the piezo-
electric element 40, the driver elements 5 are adhered to the
long side surface 405 of the piezoelectric element 40 with the
attachment surface 51 in surface contact with long side sur-
face 405. However, as the contact area between the driver
clement 5 and the long side surface 4056 becomes greater, the
driver elements 5 restrain the displacement of the long side
surface 406 1n a wider range, and the vibration of the piezo-
clectric element 40 1s affected more significantly. Therefore,
as shown 1n FIG. 7, suppose that the radius of the driver
clement 5 (the radius of the substantially spherical body) 1s,
the width of the attachment surface 51 in the longitudinal
direction of the long side surface 405 (the vibration direction
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of the longitudinal vibration), 1.e., the diameter x of the
attachment surface 51 satisfies the following expression (1):

(1).

Specifically, the width of the attachment surface 51 1n the
vibration direction of the longitudinal vibration (the diameter
of the attachment surface 51) 1s defined smaller than the
maximum width of the driver element 5 1n the vibration
direction of the longitudinal vibration (the diameter of the
driver element 5).

X<2r

However, 1n the structure similar to that described 1n the
present embodiment 1n which a normal n at a point of contact
¢ between the driver element 5 and the disc body 2 1s inclined
relative to the normal direction of the long side surface 405 1n
the vibration direction of the longitudinal vibration, areaction
torce from the disc body 2 1s applied to the driver element 3 1n
the direction of the normal n. In the case where the normal n
passes through the attachment surface 31 of the driver ele-
ment 35, the reaction force from the disc body 2 1s exerted on
the attachment surface 351 of the driver element. Part of the
reaction force 1s exerted in the shearing direction of the
attachment surface 51 and the long side surface 4056 of the
piezoelectric element 40, and the rest of which 1s exerted 1n
the perpendicular direction of the attachment surface 51 and
the long side surface 405, 1.¢., the direction pressing the driver
clement 5 against the long side surface 405. Thus, the reaction
force can be received by the attachment surface 51 and the
long side surface 405. In contrast, 1n the case where the
normal n does not pass through the attachment surface 51 of
the driver element 3 but passes through the spherical surface
of the driver element 35, the reaction force from the disc body
2 1s exerted so as to raise the attachment surface 51 above the
long side surface 405 with a point on the circumierence of the
attachment surtace 51 as a fulcrum. Therefore, the driver
clement 5 may possibly come oif the long side surface 405.

Although the driver element 5 1s 1n surface contact with and
adhered to the long side surface 4056, it 1s preferable, for
reliably preventing the driver element 5 from coming oif the
long side surface 4056, to define the diameter of the driver
clement 5 and the size of the attachment surface 51 so that the
normal n at the point of contact ¢ between the driver element
5 and the disc body 2 passes through the attachment surface
51 of the driver element 5.

In other words, suppose that the radius of the disc body 2 1s
R, and the distance between the centers of the two driver
clements 5 1n the longitudinal direction of the long side sur-
tace 405 (the vibration direction of the longitudinal vibration)
1s 1, 1t 1s preferable that the diameter x of the attachment
surface 51 satisfies the following expression (2):

x>rl/(R+r) (2).

By meeting the expression, the reaction force from the disc
body 2 can be received by the long side surface 405 of the
piezoelectric element 40 through the attachment surface 51 of
the driver element 5. This allows preventing the driver ele-
ment 5 from coming oif the long side surface 405.

However, even in the case where the normal n passes
through the attachment surface 51 of the driver element 5,
when the normal n at the attachment surface 51 of the driver
clement 5 1s mnclined too much relative to the normal of the
long side surface 405, part of the reaction force from the disc
body 2 exerted in the shearing direction of the attachment
surface 51 and the long side surface 405 of the piezoelectric
clement 40 may become greater than the other part of the
reaction force from the disc body 2 exerted in the perpendicu-
lar direction of the attachment surface 51 and the long side
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surface 405. For this reason, it 1s preferable that the diameter
x of the attachment surface 51 satisfies the following expres-

s10n (3):
xX<V2r

(3).

By meeting the expression, the part of the reaction force
from the disc body 2 exerted 1n the shearing direction of the
attachment surface 51 and the long side surface 4056 1is
reduced so that the driver element S can reliably be prevented
from coming off the long side surface 405.

The displacement made by the bending vibration of the
piezoelectric element 40 1s as shown 1n FIG. 8. In FIG. 8, a
lateral axis indicates the position of the long side surface 405
in the longitudinal direction, which is a relative position with
respect to the full length of the long side surface 405 regarded
as 1. A longitudinal axis indicates the displacement made by
the bending vibration. A solid line 1n this figure denotes the
displacement made by the bending vibration, in which
extreme values are observed when the relative position 1s
around 0.3 and 0.7. In order to efficiently transmit the bending
vibration of the piezoelectric element 40 to the disc body 2,
the driver elements 5 are preferably arranged at positions
where the bending displacement 1s large, 1.e., positions cor-
responding to the extreme values. Further, when adhered to
the long side surface 406, the driver elements 5 restrain the
deformation of the long side surface 40b. Therefore, the
driver elements 5 are preferably arranged at positions where
the rate of change 1n bending displacement 1s low. A broken
line 1n this figure denotes the rate of change in bending dis-
placement, in which the rate of change in bending displace-
ment 1s low around the extreme values, but increased as 1t 1s
shifted from the extreme values. Therefore, even when the
driver elements 5 are arranged at positions corresponding to
the extreme values, the size of the attachment surface 51 1s
preferably defined within a range where the rate of change 1n
bending displacement 1s low. Specifically, suppose that the
tull length of the long side surface 406 1n the longitudinal
direction 1s L, 1t 1s preferable that the diameter x of the
attachment surface 51 satisfies the following expression (4):

x<L/10 (4).

By meeting the expression, the driver element 5 can be
attached to part of the long side surtace 4056 where the rate of
change 1 bending vibration 1s low. As a result, the distur-
bance of the bending vibration of the piezoelectric element 40
by the adhesion of the driver element 5 to the long side surface
405 can further be prevented.

As the normal n at the point of contact between the driver
clement and the disc body 2 1s more inclined relative to the
normal direction of the long side surface 4056, 1.¢., to the
vibration direction of the bending vibration, a period during
which the driving force can be applied to the disc body 2 1n the
clliptical motion of the driver element 5 becomes shorter.
Therefore, 1t 1s not preferable that the normal n 1s inclined
very much relative to the normal of the long side surface 405.
Thus, 1t 1s preferable that the radius r of the driver element 5
satisfies the following expression (3):

Lk ®

V2

By meeting the expression, the driving force generated by
the actuator body 4 can efficiently be transmitted to the disc
body 2.

According to Embodiment 1, 1n the structure in which the
driver elements 3 are attached to the long side surface 405 of
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the piezoelectric element 40, which 1s the side surface which
makes the bending deformation, the width of the attachment
surtace 51 of each of the driver elements 5 1n the vibration
direction of the longitudinal vibration, 1.¢., the diameter x, 1s
defined smaller than the width of each of the driver elements
5 1n the vibration direction of the longitudinal vibration, 1.e.,
the diameter 2r, so that the contact area between each of the
driver elements 3 and the long side surface 4056 1s reduced.
This makes 1t possible to suppress the disturbance of the
bending deformation of the long side surtace 406 by the driver
clements 5. Specifically, since the vibration direction of the
longitudinal vibration (the longitudinal direction of the long
side surface 400) 1s a direction 1n which the bending vibration
spreads (propagates), the restraint of the long side surface 405
by the attachment surface 51 1s reduced by reducing the width
of the attachment surface 51 in the vibration direction of the
longitudinal vibration.

Although the contact area between the driver element 5 and
the long side surface 405 1s reduced, they are not brought 1nto
point contact or line contact. Instead, the driver element 5 1s
provided with the attachment surface 51 so that the driver
clement 5 1s attached to the long side surface 405 with the
attachment surface 51 1n surface contact with the long side
surface 40b. This allows securing firm attachment of the
driver element 5 to the long side surface 405. That 1s, both
reduced disturbance of the vibration of the actuator body 4 by
the driver element 5, and firm attachment of the driver ele-
ment S, can be achieved simultaneously.

In the structure in which the driver elements 5 are brought
into contact with a surface not parallel to the long side surface
4056 on which the driver elements 5 are arranged, e.g., the
circumierential surface of the disc body 2, a reaction force
exerted on the driver elements 5 by the drive target (the disc
body 2) 1s inclined relative to the normal direction of the long,
side surface 405. Therelore, the degree of attachment of the
driver elements 3 to the long side surface 406 1s a great
concern. Specifically, 1in the structure in which the reaction
force from the drive target 1s exerted on the driver elements 3
and the long side surface 405 1n the direction inclined relative
to the normal direction of the long side surface 4056, the
structure 1n which the driver elements 5 are attached to the
long side surface 405 with the attachment surfaces 51 1n
surface contact with the long side surtace 405 1s particularly
effective, as described above.

The size of the attachment surface 51 of the driver element
5, more specifically, the width thereof 1n the vibration direc-
tion of the longitudinal vibration, 1s defined so that the normal
n at the point of contact ¢ between the driver element 3 and the
disc body 2 passes through the attachment surface 51. As a
result, the reaction force exerted on the driver element 5 by the
disc body 2 can be received by the attachment surface 51 and
the long side surface 4056, and the driver element 5 can be
prevented from coming off the long side surface 400b.

Further, when the reaction force 1s exerted on the driver
clement 5 by the disc body 2, part of the reaction force exerted
in the shearing direction of the attachment surface 51 and the
long side surface 4056 1s prevented from becoming greater
than the other part of the reaction force exerted 1n the perpen-
dicular direction of the attachment surface 51 and the long
side surface 405 by defining the radius r of the driver element
5 and the diameter x of the attachment surface 51 so as to
satisty the expression (3). This makes it possible to reliably
prevent the driver element 5 from coming oif the long side
surtace 405.

Further, by arranging the driver elements 3 at positions on
the long side surface 406 corresponding to the antinodes of
the bending vibration of the piezoelectric element 40, the
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driver elements 5 can be attached to the positions on the long
side surface 405 where the rate of change 1n bending displace-
ment 1s small. Therefore, the disturbance of the bending
deformation of the long side surface 405 by the driver ele-
ments 3 can be suppressed to a further extent.

Embodiment 2

A drive unit according to Embodiment 2 of the present
invention will be described. In a drive unit 201 according to
Embodiment 2, the structure of an ultrasonic actuator 203,
particularly the structures of an actuator body 204 and a driver
element 205, 1s different from the structure of the ultrasonic
actuator 3 of Embodiment 1.

Specifically, as shown 1n FIG. 9, the actuator body 204
includes a resonator 242, piezoelectric elements 240a and
24056 arranged 1n the resonator 242, and power supply elec-
trodes (not shown) attached to the piezoelectric elements
240a and 2405, respectively.

The resonator 242 1s a substantially in the shape of a rect-
angular parallelepiped made of metal such as stainless steel
and an aluminum alloy, or an insulating material such as
ceramic. The resonator 242 has two arrangement holes 242¢
and 242d aligned 1n the longitudinal direction at one lateral
end of a substantially rectangular principle surface 242a (one
of the two surfaces having the largest arca among the six
surfaces).

Each of the piezoelectric elements 240a and 2405 1s made
ol a piezoelectric material such as lead zirconate titanate or
quartz, and shaped 1nto a flat plate which 1s rectangular when
viewed 1n plan. The piezoelectric element 240a (2405) has
power supply electrodes (not shown) formed uniformly on
the opposing surfaces thereol. The piezoelectric elements
240a and 2405 are contained 1n the arrangement holes 242¢
and 242d of the resonator 242, respectively.

Each of the driver elements 2035 1s basically 1n the shape of
a cylindrical column which is partially truncated to form a flat
section parallel to the axis of the cylindrical column, as shown
in FIG. 10. The flat section constitutes a rectangular attach-
ment surface 251. Each of the driver elements 205 1s adhered
to a long side surface 2425 (a side surface which 1s orthogonal
to the principle surface 242a and extends 1n the longitudinal
direction of the principle surface 242a) of the resonator 242
through the attachment surface 251 using an adhesive 52. The
driver elements 205 may be made of zirconia, alumina, sili-
con nitride, silicon carbide, tungsten carbide, or other mate-
rial.

The driver elements 205 are provided on parts of the long
side surface 2425 located at a distance of about 30% of the full
length of the long side surface 2425 inwardly from both edges
thereof 1n the longitudinal direction, with the axis of the
cylindrical column parallel to a lateral direction of the long
side surface 2425 (a thickness direction of the resonator 242).
Each of the locations of the driver elements 205 corresponds
to an antinode of a second mode of a bending vibration to be
described later, where the bending vibration 1s the maximum.

By applying predetermined AC voltages to the piezoelec-
tric elements 240a and 2405, respectively, the resonator 242
1s induced to harmonically generate a longitudinal vibration
and a bending vibration. More specifically, by alternately
allowing the piezoelectric elements 240q and 2405 to gener-
ate the longitudinal vibration at the predetermined frequen-
cies, the resonator 242 performs the longitudinal vibration 1n
the longitudinal direction of the piezoelectric elements 240a
and 2405, 1.e., the longitudinal direction of the resonator 242.
At the same time, since the piezoelectric elements 240aq and
2405 are arranged only on the one lateral end of the resonator
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242, one side 1n the longitudinal direction (a side correspond-
ing to the piezoelectric element 240a) and the other side 1n the
longitudinal direction (a side corresponding to the piezoelec-
tric element 2405) of the one lateral end of the resonator 242
expand and contract alternately. As a result, the resonator 242
performs the bending vibration 1n the lateral direction.

Respective resonance Irequencies ol the longitudinal
vibration and the bending vibration are determined by a mate-
rial, a shape and the like of the resonator 242. Furthermore,
the resonance frequencies are both intluenced by a force
supporting the resonator 242 and a position where the reso-
nator 242 1s supported. Taking this into consideration, the
resonance frequencies are made to substantially match each
other. AC voltages having a frequency around the resonance
frequencies and phases shifted by 90° from each other are
applied to the piezoelectric elements 240a and 2405, respec-
tively. Thus, the first mode of longitudinal vibration and the
second mode of bending vibration are harmonically induced
in the resonator 242, so that the resonator 242 changes 1tself
into shapes shown 1n FIGS. 6(a), 6(b), 6(c) and 6(d) 1n this
order, 1n the same manner as the actuator body 4 of Embodi-
ment 1. As aresult, each of the driver elements 205 provided
on the resonator 242 makes an orbit motion, more specifi-
cally, a substantially elliptical motion, in a plane including the
longitudinal direction of the long side surface 2425 of the
resonator 242 (the wvibration direction of the longitudinal
vibration) and the normal direction of the long side surface
242b (the vibration direction of the bending vibration).

Just like the sections of the driver elements 5 of Embodi-
ment 1, sections of the driver elements 205 which are
orthogonal to the rotation axis X of the disc body 2, 1.e.,
sections parallel to the plane including the longitudinal direc-
tion of the long side surface 2425 of the resonator 242 (1.¢., the
vibration direction of the longitudinal vibration) and the
vibration direction of the bending vibration, are substantially
round (in a strict sense, the sections of each of the driver
clement 2035 1s almost round-shaped with a certain circular
segment part cut off). The driver elements 205 are also con-
figured to satisiy the above-described expressions (1) to (5).
Regarding the expressions (1) to (5), r denotes the radius of
the driver element 205 basically 1n the shape of a cylindrical
column, x denotes the width of the attachment surface 251 of
the driver element 2035 1n the direction orthogonal to the axis
of the cylindrical column, 1.e., the width 1n the vibration
direction of the longitudinal vibration of the resonator 242.

According to Embodiment 2, just as described in Embodi-
ment 1, in the structure in which the driver elements 205 are
attached to the long side surface 2425 of the resonator 242,
which 1s the side surface which makes the bending deforma-
tion, the width x of the attachment surface 251 of each of the
driver elements 203 1n the vibration direction of the longitu-
dinal vibration 1s defined smaller than the width of each of the
driver elements 205 1n the vibration direction of the longitu-
dinal vibration, 1.e., the diameter 2r, so that the contact area
between each of the driver elements 205 and the long side
surface 2425 1s reduced. This makes 1t possible to suppress
the disturbance of the bending deformation of the long side
surface 242 by the driver elements 205. Although the contact
area between the driver element 205 and the long side surface
242b 1s reduced, they are not brought 1into point contact or
linear contact. Instead, the driver element 2035 1s provided
with the attachment surface 251 so that the driver element 205
1s attached to the long side surface 24256 with the attachment
surtace 251 1n surface contact with the long side surface 242b.
This allows securing firm attachment of the driver element

205 to the long side surface 2425.
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Except for the feature described above, the advantages and
elfects of Embodiment 2 are similar to those of Embodiment
1.

With use of the cylindrical columnar driver elements 205,
the contact area with the disc body 2 1s increased. Therelore,
the shape of the driver elements 205 1s less likely to be
changed due to wear, and the ultrasonic actuator can be pro-

vided with high reliability.

Other Embodiments

The above-described embodiments of the present inven-
tion may be configured as follows.

Embodiment 1 has described the ultrasonic actuator 3 1n
which the driver elements 5, each of which 1s substantially in
the shape of a sphere which 1s at least partially truncated to
form a flat section, are attached to the piezoelectric element
40. Further, Embodiment 2 has described the ultrasonic
actuator 203 in which the driver elements 205, each of which
1s substantially in the shape of a cylindrical column which 1s
at least partially truncated to form a flat section parallel to the
axis of the cylindrical column, are attached to the resonator
242 including the piezoelectric elements 240a and 2405.
However, the present invention 1s not limited thereto. For
example, an ultrasonic actuator including the substantially
cylindrical columnar driver elements 203 attached to the
piezoelectric element 40, and an ultrasonic actuator including,
the substantially spherical driver elements 5 attached to the
resonator 242 may be possible. The substantially spherical
driver element S which 1s at least partially truncated to form a
flat section may additionally be cut at other part, e.g., at part
thereof 1n contact with the drive target. Likewise, the substan-
tially cylindrical columnar driver element 205 which 1s at
least partially truncated to form a flat section parallel to the
axis of the cylindrical column may additionally be cut at other
part, €.g., at part thereof 1n contact with the drive target.

According to Embodiments 1 and 2, the piezoelectric ele-
ment 40 or the resonator 242 constituting the actuator body 1s
in the shape of a rectangular parallelepiped which 1s rectan-
gular when viewed from the front. However, their shapes are
not limited thereto. It 1s not always necessary that the piezo-
clectric element or the resonator 1s rectangular when viewed
in plan, or 1n the shape of a rectangular parallelepiped. The
present invention can be applied to any ultrasonic actuator, as
long as the driver element 1s attached to a side surface of the
actuator body for performing the bending and longitudinal
vibrations which 1s normal to the vibration direction of the
bending vibration.

Further, according to Embodiments 1 and 2, the driver
clements 5 (2035) are brought into contact with the circumfier-
ential surface of the disc body 2. However, the drive target 1s
not limited to the disc body. For example, the driver target
may be 1n the shape of a flat plate, and the driver elements 3
(205) may be brought 1into contact with a flat surface of the
flat-plate drive target. In the structure in which the driver
clements 5 (205) are brought into contact with a surface
parallel to the long side surface 4056 (2425) on which the
driver elements 5 (203) are arranged, such as the flat surface
of the flat-plate drive target, the biasing force of the bias
rubber 72 1s exerted on a point of contact between each driver
clement 5 (205) and the flat surface of the drive target 1n a
direction perpendicular to the long side surface 405 (24256). In
driving, a friction force 1s also applied to the point of contact
between the driver element 5 (205) and the flat surface of the
flat-plate drive target 1n the driving direction. The resultant
force of them 1s exerted on a surface of connection between
the driver element 5 (205) and the long side surface 4056
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(2425) 1n a direction not perpendicular to the long side surface
405 (242b). Therefore, the present invention 1s also effective
for the structure in which the driver elements 5 (205) are
brought into contact with the flat surface of the tlat-plate drive
target.

According to Embodiments 1 and 2, the circumierential
surtace of the disc body 2 with which the driver elements 5
(205) are brought into contact 1s parallel to the long side
surtace 405 (242b) 1n a direction orthogonal to the vibration
direction of the longitudinal vibration and the vibration direc-
tion of the bending vibration. Therefore, the reaction force
from the disc body 2 1s exerted orthogonally to the long side
surtace 405 (2425) 1n the direction orthogonal to the vibration
direction of the longitudinal vibration and the vibration direc-
tion of the bending vibration. However, the present invention
1s not limited thereto. Specifically, just like 1n the case where
the drive target 1s spherical, and the ultrasonic actuator 3
(203) 1s arranged relative to the drive target so that a normal at
a point of contact between the driver element 5 (205) and the
drive target 1s inclined relative to the long side surface 4056
(242b) 1n the direction orthogonal to the vibration direction of
the longitudinal vibration and the vibration direction of the
bending vibration, the reaction force from the drive target
may be inclined relative to the long side surface 4056 (2425)
not only 1n the vibration direction of the longitudinal vibra-
tion, but also in the direction perpendicular to the vibration
direction of the longitudinal vibration and the vibration direc-
tion of the bending vibration. Even 1n this case, the attach-
ment surfaces 51 (251) of the driver elements 5 (205) have a
width not only in the vibration direction of the longitudinal
vibration, but also in the direction perpendicular to the vibra-
tion direction of the longitudinal vibration and the vibration
direction of the bending vibration. Therefore, firm attachment
of the driver elements S (205) to the long side surface 4056
(242b) can be achieved also 1n the direction perpendicular to
the vibration direction of the longitudinal vibration and the
vibration direction of the bending vibration, and the driver
clements 5 (205) can be prevented from coming off the long

side surtace 406 (242b).

According to Embodiments 1 and 2, the sections of the
driver elements which are parallel to the plane including the
vibration direction of the longitudinal vibration and the vibra-
tion direction of the bending vibration are substantially
round. However, the present invention 1s not limited thereto.
Specifically, the section of the driver element 1s not necessar-
i1ly round. The section of the driver element may have any
other shape, e.g., it may be 1n the shape of a polygon, or a
combination of a polygon and a circular segment. Even 1n this
case, the width of the attachment surface of the driver element
in the vibration direction of the longitudinal vibration 1is
defined smaller than the maximum width of the driver ele-

ment 1n the vibration direction of the longitudinal vibration.

According to Embodiments 1 and 2, power 1s supplied to
the piezoelectric elements through the wires. However, the
present invention 1s not limited thereto, and the power supply
can be performed 1n any other method. For example, the
support rubbers and the bias rubber are made of conductive
rubber, so that the power supply to the piezoelectric element
of the actuator body can be performed from the power supply
clectrodes formed on the case through the support rubbers
and the bias rubber.

According to Embodiments 1 and 2, the first mode of the
longitudinal vibration and the second mode of the bending
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vibration have been described. However, the present inven-
tion can be applied to a combination of the first mode of the
longitudinal vibration and the fourth mode of the bending
vibration, a combination of other vibrations, or a combination
of other modes.

The support members placed between the actuator body
and the case are all made of elastic bodies. However, at least
one of them may be the elastic body. The similar effects can
also be obtained when a single annular support member 1s
arranged to surround the piezoelectric element, and part of the
support member to be connected to the piezoelectric element
1s made of the elastic body.

According to the embodiments described above, a single-
plate structure 1n which power supply elements are formed on
the surfaces of the piezoelectric element has been adopted.
However, the similar advantages and effects can be obtained
by a layered structure 1n which electrode layers and piezo-
clectric layers are stacked. In this case, an external electrode
in electrical conduction with the electrode layers 1s formed on
an outer surface of the layered structure. Then, a wire 1s
connected to the external electrode, or a support rubber and a
bias rubber made of conductive rubber are brought into con-
tact with the external electrode, so as to apply a voltage to the
clectrode layers.

The structure of the power supply electrodes of the piezo-
electric element 40 described in Embodiment 1 1s the simplest
one ncluding four-piece electrodes formed on four divided
areas ol one of the principle surfaces and a full surface elec-
trode formed on the other principle surface. However, the
similar advantages and effects can be obtained even when the
power supply electrodes are constituted of two-piece elec-
trodes or five-piece electrodes formed on two or five divided
areas of the principle surface.

The above embodiments are merely preferred embodi-
ments 1n nature, and are not intended to limit the scope,
applications and use of the invention.

As described above, the present invention 1s useful for an
ultrasonic actuator including an actuator body performing a
plurality of vibrations including a bending vibration.

What 1s claimed 1s:

1. An ultrasonic actuator comprising:

an actuator body having a piezoelectric element and per-

forming a bending vibration and a longitudinal vibra-
tion; and

a driver element which 1s attached to a side surface of the

actuator body normal to a vibration direction of the
bending vibration, and outputs a driving force by mak-
ing an orbit motion 1n a plane including the vibration
direction of the bending vibration and a vibration direc-
tion of the longitudinal vibration in response to the
vibrations of the actuator body, wherein

the driver element 1s provided with an attachment surface,

and 1s attached to the side surface with the attachment
surface 1n surface contact with the side surface, and

a width of the attachment surface 1n the vibration direction

of the longitudinal vibration 1s smaller than a maximum
width of the driver element in the vibration direction of
the longitudinal vibration.

2. The ultrasonic actuator of claim 1, wherein

the driver element 1s 1n the shape of a sphere which 1s at

least partially truncated to form a flat section, and the
section constitutes the attachment surface.

3. The ultrasonic actuator of claim 1, wherein

the driver element 1s 1n the shape of a cylindrical column

which 1s at least partially truncated to form a flat section
parallel to an axis of the cylindrical column, and the
section constitutes the attachment surface.
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4. The ultrasonic actuator of claim 1, wherein

the driver element 1s attached to a non-node part of the
bending vibration of the actuator body.

5. The ultrasonic actuator of claim 4, wherein

the driver element 1s attached to an antinode of the bending
vibration of the actuator body.

6. The ultrasonic actuator of claim 1, wherein

the driver element 1s 1n contact with a circumierential sur-
face of a drive target which rotates about a rotation axis
orthogonal to the plane including the vibration direction
of the bending vibration and the vibration direction of

the longitudinal vibration, and applies a driving force to
the drive target.
7. The ultrasonic actuator of claim 6, wherein

the driver element 1s configured so that a normal at a point
of contact between the driver element and the drive
target passes through the attachment surface.

8. The ultrasonic actuator of claim 6, wherein

two driver elements are attached to the side surface of the 20
actuator body to be aligned in the vibration direction of

the longitudinal vibration,
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sections of the driver elements and the drive target which
are parallel to the plane including the vibration direction
of the bending vibration and the vibration direction of
the longitudinal vibration are substantially round, and

suppose that a distance between centers of the two driver
clements 1n the vibration direction of the longitudinal
vibration 1s 1, a radius of the driver element 1s r, a width
of the attachment surface of the driver element 1n the
vibration direction of the longitudinal vibration 1s x, and
aradius of the drive target 1s R, the following expression
(2):

x>rl/(R+r) (2)

1s satisfied.

9. The ultrasonic actuator of claim 8, wherein
the driver element satisfies the following expression (3):

x<V2r (3).

10. The ultrasonic actuator of claam 1, wherein
the actuator body performs a first mode of the longitudinal
vibration and a second mode of the bending vibration.

G ex x = e
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